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AWARDS ABSTRACT

The invention relates to a polaradiometric pyrometer for measuring the
true temperature of a body by detecting and balancing partially polarized
thermal radiation emitted from the body and reflected radiation from a
variable source based on the principle that the effects of angular emission
and reflection on the polarization state of radiation are complementary.

FIG. 1 illustrates diagrammatically essential elements of the present
invention comprising a variable source 10 of unpolarized light, such as an
incandescent lamp positioned to reflect partially polarized radiation I,
from the surface 11 of a hot body at an angle a <90° through a polarization
state analyzer (PSA) 12 to detectors 13 and 14. The PSA was built as shown
in FIG. 2 and provided with solid state detectors 13 and 14 as shown schem-
atically in FIG. 1, but preferably housed within the enclosure for the PSA
as shown in FIG. 2. The light entering the PSA is focused and filtered by
a unit 20 through a pinhole 21 onto a collimating lens 22. An interference
filter 20a is included in front of the pinhole for passing only 1064 nm
light. The emerging light from the pinhole is collimated by the lens 21
and the resulting beam is polarized and split into two beams in a polariz-
ing beamsplitter 23. The two polarization components p and s impinge on
detectors 13 and 14 implemented with silicon detectors. Partially polar-
ized thermal radiation I, emitted at the same angle and in the same plane
as the incident radiation I, combines with the reflected radiation I, to
provide into the PSA combined polarization component signals: I, =1, +
I,, and I, = I,, + I,,. When I, is adjusted such that I, equals I,, the
combined radiation received by the PSA is unpolarized. The difference be-
tween the signals I, and I, from the detectors 13 and 14 is formed by an
amplifier 15 integrated by a circuit 16 designed to be a lossy integrator
and used to control intemnsity I,,, of the source 10 via a power driver 17,
the output of which is processed through a linearizer 18 and calibrated for
display of true temperature on a display unit 19. The effects of emissivi-
ty as well as diffusivity of the surface 11 are eliminated from the mea-
surements by the inherent characteristics of the design, rather than by any
external post processing of brightness temperature data as in the prior
art. For testing the model described with reference to FIG. 1, a heated
platinum strip sample was installed such that the optical axis of the PSA
was at 45° to the surface of the strip. FIG. 3 is a plot of the two output
voltages versus sample temperature and FIG. 4 shows the source (tungsten
halogen) input power W (voltage times current) needed to cause the two
detector output voltages to be equal. This graph of power input to the
source 10 versus temperature is thus the temperature measurement that is
to be calibrated linearized for display.

The invention has the potential of making accurate true temperature
measurements without cumbersome computational requirements. The cost of
a commercial polaradiometer built in accordance with this invention could
therefore be far below that of any pyrometer available for true temperature
measurements.
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METHOD AND APPARATUS FOR
POLARADIOMETRIC PYROMETER

ORIGIN OF INVENTION

The invention described herein was made in the
performance of work under a NASA contract, and is subject
to the provisions of Public Law 96-517 (35 USC 202) in

which the contractor has elected not to retain title.

TECHNICAL FIELD

The invention relates to a radiation pyrometer for

measuring the true temperature of a body by detecting and
measuring thermal radiation from the body, and more par-
ticularly to a polaradiometric pyrometer based on the
principle that the effects of angular emission and re-
flection on the polarization state of radiation are

complementary.

BACKGROUND ART

In a conventional radiation pyrometer, part of the

thermal radiation emitted by a hot body is focused onto
a thermopile where the resultant heating of the thermo-
pile causes an electrical signal to be generated in pro-
portion to the thermal radiation. The signal thus gener-
ated may then be calibrated for display and recording of
temperature. The problem is that thermal radiation from
the body depends not only on its surface temperature but
also its surface characteristics.

Pyrometers are classified generally into two types.
One type referred to as a total-radiation pyrometer
requires that the field of view be filled and the other
type does not. 1In the one type, a comparison is made
between the radiation of the body whose temperature is to

be measured and the radiation of a reference body. For
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an example of that one type, known as an optical pyro-
meter, an image of the body is focused in the plane of a
filament that is heated by current the amplitude of which
is controlled by a calibrated rheostat. The filament can
be readily viewed in that plane until the controlled
current heats the filament to a temperature at which its
radiation blends into the image of the body. Temperature
of the body is then read from the calibrated rheostat.
However, the accuracy of such an optical pyrometer will
still depend upon its surface emissivity.

One approach for the implementation of an optical
pyrometer of the second type, which does not require the
field of view to be filled, is to make measurements of
the radiation emitted by the body in two wavelength
(color) regions. A calibrated ratio of the two measure-
ments is then accepted as the true temperature of the
body. The assumption is that the effect of su rface
characteristics cancels out in the ratio measurement
sufficiently to provide a measurement close to the true
temperature.

Yet another approach for implementation of a
pyrometer of the second type assumes that thermal radia-
tion from a black body falls on a sample body whose
temperature is to be measured at a convenient angle of
incidence and that a radiation detector measures total
reflected and emitted radiation. The true temperature of
the sample body is then determined from the calibrated
measurement of radiation provided the black body and the
sample body are maintained at the same temperature. In
that special case, the total thermal radiation (emitted
and reflected) detected from the sample body is the same
as if the radiation detector received emitted radiation

from only the black body which is at the same temperature
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as the sample body. However, that assumption is believed
to be erroneous because of random scattering of radiation
from the black body by the sample body due to its surface
characteristics. See the background discussion of U.S.
patent 3,442,673 titled APPARATUS AND METHOD FOR MEASUR-
ING TEMPERATURES by Thomas P. Murray.

To overcome that erroneous assumption, Murray
discloses a system which uses a rotating polarization
analyzer 52 which generates from the combined reflected
and emitted radiation a cyclical resultant beam. Then
successive measurements of the cyclical resultant beam
are made while the black body temperature is varied until
a null measurement is reached. That null identifies when
the black body temperature equals the sample body
temperature. While this use of a rotating polarization
analyzer overcomes what is believed to be an erroneous
assumption, the apparatus is complex and cumbersome to
use not only because of using a rotating polarization
analyzer but also because of using a controlled black
body reference.

An alternative approach for the implementation of an
optical pyrometer of the second type is disclosed in U.S.
patent 3,462,224 titled POLARIZATION PYROMETER by W.W.
Woods et al. There a laser 11 replaces the black body
source of radiation incident at a convenient angle.{
Reflected radiation from the laser is first measured
together with thermal radiation from the reflecting
surface through a polarization state analyzer (PSA)
alternately set for measuring the component of polari-
zation p in the plane of incident radiation from the
laser and the polarization component s perpendicular to
that plane. The difference between measured p and s

radiation is taken by a difference amplifier 26 and used
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to adjust the laser intensity until that difference is
nulled. After that laser intensity adjustment, the
radiation emanating from test surface 10 corresponds to
that of a black body at the unknown temperature of the
test body. Then the p and s components of reflected
radiation from a standard lamp 20 are similarly measured
using a chopper 19 to switch the polarizer and detector
from the reflected laser radiation to a standard lamp and
a difference amplifier 30 is used to measure the
difference between the p and s components of light
reflected this time by a member 19a of the chopper 19.
That second measured difference is used to adjust the
intensity of the standard lamp until the second measured
difference is nulled. The radiation from the lamp is
then assumed to also correspond to radiation from a black
body at the temperature of the test surface (Col. 4,
lines 176 to 26). By alternately switching the chopper
19 between laser light reflected by the test surface and
reference light reflected by the chopper member 19a and
automatically adjusting the laser and reference light to
bring the system to a stable condition, the energization
of the standard lamp 20 is assumed to be proportional to
the temperature of the test surface 10. That assumption
is believed to be inaccurate.

Another example of an optical pyrometer which
determines the temperature of a body from its thermal
radiation and seeks to overcome the effects of surface
characteristics of the body is disclosed in U.S. patent
5,011,295 titled METHOD AND APPARATUS TO SIMULTANEOUSLY
MEASURE EMISSIVITY AND THERMODYNAMIC TEMPERATURE OF
REMOTE OBJECTS by S. Krishnan et al. That system is even
more complex than the two discussed above. It seeks to

separately determine emissivity, reflectivity and optical
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constants as well as the apparent brightness temperature
of the sample with a single instrument in order to
correct the brightness temperature of the sample and thus
provide a true temperature free of effects due to surface

characteristics.

STATEMENT OF THE INVENTION

An object of the present invention is to provide a

simple pyrometer for measuring true temperature by
eliminating from the pyrometer measurement the effects
due to surface characteristics of emissivity as well as
diffusivity by inherent characteristics of instrument
design rather than by external processing of brightness
data separately determined.

This is accomplished by the unique design of a pol-
aradiometer which is defined as an instrument for
measurement of polarized radiation. It has been known
that thermal radiation detected along a viewing axis that
is not perpendicular to the surface of a hot body is
partially polarized, just as radiation from a source
emitting randomly polarized radiation is partially
polarized upon being reflected from the surface of that
body. The essence of the present invention is the
utilization of the principle that the effects of
reflection and emission at an angle a <90° on the
polarization state are complementary, thereby eliminating
the effects of emissivity and diffusivity at a null
condition. Thus, by measuring the combined emitted and
reflected radiation through a stationary polarization
state analyzer (PSA) and radiation detector, the present
invention provides a polaradiometric pyrometer that

eliminates the need to separately measure emissivity or
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diffusivity. The essential elements are a PSA with
radiation detectors positioned with a viewing axis at an
angle o less than 90° to the surface of a hot body for
detection of p and s polarized thermal radiation and a
variable source of randomly polarized radiation posi-
tioned to reflect its variable radiation from the surface
of the hot body through the PSA into the radiation de-
tectors Partially polarized radiation emitted by the hot
body and received by the PSA combines with partially
polarized radiation reflected through the PSA to the
radiation detector such that, when the intensity of both
are made equal by adjustment of the variable source, the
radiation received by the PSA is unpolarized, and so the
radiation passed through the PSA to the detector is
nulled. The calibrated power driving the variable
radiation source at the null condition is thus the true
temperature of the hot body because the effects of
emissivity as well as diffusivity of the hot body due to
surface characteristics is eliminated in the combined
unpolarized radiation at the null condition.

In a preferred embodiment, the PSA is implemented
with a polarizing beamsplitter to provide from the inten-
sity I, of emitted radiation entering the PSA from the
hot body light polarized in two directions I,, and I,, and
from the intensity I, of the reflected radiation entering
the PSA from the hot body light polarized in two
complementary directions. Thus, the polarization
components of the partially polarized radiation
intensities I, and I, can balance in such a way that the
radiation received by the PSA is unpolarized for the null
condition I,, + I,, = I,, + I,,, where the subscripts s and
p refer to polarization components perpendicular and
parallel to the plane of incidence of the reflected
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radiation. The true temperature of the hot body is thus
determined by measuring the calibrated power driving the
variable source of radiation.

To automatically reach a null condition, the
combined polarized components I,, + I,, and I,, + I,, out of
the PSA are separately detected to provide signals I, -
I, is integrated and used to control the power driving
the variable source, which may be an incandescent lamp.

That driving power is then calibrated to display the true
temperature of the hot body.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates diagrammatically essential

elements of the present invention.

FIG. 2 is a schematic diagram of a conventional
polarity state analyzer (PSA) shown in FIG. 1. ‘

FIG. 3 is a graph of output voltages of detectors 13
and 14 in FIG. 1 as a function of temperature of a hot
body.

FIG. 4 is a graph of variable source power required
to null polarization of incoming radiation as a function

of temperature of a hot body.

DETAILED DESCRIPTION OF THE INVENTION
Referring to FIG. 1, the essential elements of the

polaradiometer, a simple pyrometry device for measuring
true temperature, comprises a variable source 10 of
unpolarized light, such as an incandescent lamp posi-
tioned to reflect partially polarized radiation I, from
the surface 11 of a hot body at an angle a <90° through
a polarization state analyzer (PSA) 12 to detectors 13
and 14. Partially polarized thermal radiation I,

emitted at the same angle and in the same plane as the
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incident radiation I, combines with the reflected
radiation I, to provide into the PSA combined polariza-
tion component signals:

I, = I, + I,

I, =1I,+ I,
When I,,, is adjusted such that I, equals I,, the combined
radiation received by the PSA is unpolarized. The dif-
ference between the signals I, and I, from the detectors
13 and 14 is formed by an amplifier 15 integrated by a
circuit 16 designed to be a lossy integrator and used to
control intensity I,,, of the source 10 via a power
driver 17, the output of which is processed through a
linearizer 18 and calibrated for display in a temperature
display unit 19. The effects of emissivity as well asg
diffusivity of the surface 11 are eliminated from the
measurements by the inherent characteristics of the
design rather than by any external post processing of
brightness temperature data.

Other systems measure true temperature by determin-
ing the emissivity or emissivity ratio of the hot body
and using the measured value to correct the reading from
an otherwise standard pyrometer. That approach has two
weaknesses. Systems are extremely complex since emissiv-
ity measurements involve cumbersome calculations, and the
algorithms used to correct the pyrometer output for
emissivity effects add post measurement computational
requirements. The second drawback is that standard
pyrometric measurements constitute a simple radiation
intensity measurement. These can suffer from a lack of
accuracy. The polaradiometer shown in FIG. 1 eliminates
the need for any post calculations since no emissivity

measurements or corrections are necessary. Since the

polaradiometer uses a nulling approach rather than a
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simple intensity measurement it has the potential for
greater accuracy.

This polaradiometer is based an the fact that the
polarization of radiation emitted from a surface due to
thermal emissions and the polarization of radiation re-
flected from the surface are complimentary. Thus when
the polarization of a combination of emitted and reflect-
ed light is random the intensity of the reflected beam
before reflection represents the brightness temperature
of the surface.

As noted with reference to FIG. 1, the two main
parts of the polaradiometer are a light source 10 emit-
ting randomly polarized radiation and a polarization
state analyzer 12. The light from the source is re-
flected from the surface of the sample into the polariza-
tion state analyzer along with the thermal emissions
from the sample. The optical axis of the analyzer must
be at an angle a <90° to the surface 11 of the sample,
however, the value of that angle is not critical and can
be varied without recalibration or changes to the polara-
diometer. This greatly simplifies operation of the
system since no cumbersome optical alignment is needed.

Due to the reflection at an angle, the radiation
entering the PSA from the source is partially polarized.
The emitted radiation received from the sample at the
same angle is also partially polarized in the same way
since it is emitted at the same angle. As noted herein-
before, the essence of the function of the polaradiometer
is to utilize the fact that the effect of reflection and
emission at the same angle on the polarization state of
radiation received at the PSA 12 are complementary and
therefore eliminate the effects of emissivity in

radiation from the sample surface 11.
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I1f T is the thermodynamic temperature of the sample
and I, is the intensity of the radiation from the sample
entering the PSA Planck’s law states: \

)4

where A is the wavelength of the radiation and I, is the

2hcl

I, \=€I,, =€
)\5

rhco
exP(AkT

5 corresponding black body radiation intensity. The func-
tion of the PSA is to decompose the polarization of the

light into two mutually perpendicular directions:

where the subscript p and s refer to polarization com-

10 ponents parallel and perpendicular to the plane of emis-
sion.

Also for the radiation emanating from the source and
being reflected to the PSA:

T I ampPa

25'_—__2—
and

I. - I 1 aupPp

2p 2

15 where the subscript s and p refer to polarization

components perpendicular and parallel to the plane of
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incidence and reflection which is common to the plane of
emission. The Greek letters Epsilon and Rho (€ and p)
stand for emissivity and reflectivity respectively. Both
beams of radiation intensities I, and I, are partially
polarized but when combined the polarization components
can balance in such a way that the radiation received by

the PSA is unpolarized. The condition for this is:

Ilp+I Ils+125

2p:

substituting and rearranging :
T, T anpPP =L € o+ L 1anpPs
Tp(€p€s) “Tramp(Ps~0p)
since: pg,=l1-€,; p,"1 €,
PsOp~EpEs
Ip=Tramp

Using Planck’s law, a relationship between I,,, and T is

expressed as follows:

2heg
Trawp=Ip=
Nlex he, 1
Pl 2k
This relation holds for any surface emissivity. The

polaradiometer shown in FIG. 1 works by measuring or
determining I,,, such as by a measurement of the power
driving the lamp or by providing a separate light
detector offset from the axis of incidence for the light

reflected to the PSA. In either case, the true tempera-
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ture T of the sample can be found from that measurement

of I, quite easily:

There is no need to determine the emissivity of the
sample and correct measured brightness temperatures.

After the discovery of the basic principle of opera-,
tion for this invention, a working model was made to
demonstrate its feasibility at a wavelength of 1064 nm.
This wavelength was chosen because it is the longest at
which off-the-shelf optical components are available and
because silicon detectors are sensitive to radiation at
this wavelength. In general it is advantageous to choose
longer wavelengths since thermal emissions from samples
at all but extremely high temperatures are most intense
at the longer wavelengths.

For the light source 10, a tungsten halogen lamp was
chosen because it offers sufficiently intense radiation
at the 1064 nm wavelength. Low cost and ease of opera-
tion with a tungsten halogen lamp were additional con-
siderations.

The PSA 12 was built as shown in FIG. 2 and provided
with solid state detectors 13 and 14 as shown schemati-
cally in FIG. 1, but preferably housed within the enclo-
sure for the PSA as shown in FIG. 2. The light entering
the PSA is focused and filtered by a unit 20 through a
pinhole 21 onto a collimating lens 22. An interference
filter 20a is included in front of the pinhole for
passing only 1064 nm light. The emerging light from the
pinhole is collimated by the lens 21 and the resulting
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beam is polarized and split into two beams in a polariz-
ing beamsplitter 23. The two polarization components, p
and s impinge on detectors 13 and 14 implemented with
silicon detectors. When the output signals from the two
silicon detectors are equal, the two components of
polarization are balanced, and so the output of the
difference amplifier 15 is zero or nulled.

The output signals from the two detectors after
appropriate amplification are compared to obtain the
polarization state of the light. Since this polaradio-
meter does not require a measurement of the actual polar-
ization state, the magnitude of the difference between
the detector outputs is not important. The instrument
merely has to achieve a state where the detector output
signals are equal. When this state I,, + I, = I,, + I,
is reached, the light intensity I, from the source 10
represents the temperature measurement. As noted herein-
before, the lamp intensity may be determined by measuring
the driving power to the source which may be made by mea-}
suring the driving voltage and current from the power
driver 17 or by the use of a separate detector for de-
tecting light intensity directly from the source itself.
Thus, the polaradiometer automatically adjusts the inten-
sity of the lamp 10 until the outputs from the detectors
13 and 14 are equal. At that point the lamp intensity is
converted to a temperature display in an analog or digi-
tal unit 23 as shown schematically in FIG. 1.

In summary, amplifiers 13a and 14a couple the
detectors 13 and 14 to the amplifier 15. The output from
the differential amplifier is connected to the inte-
grator 16 which in turn controls the intensity of the
source 10 via the power driver (transistor) 17. If the
output of the amplifier 15 is nulled, the output of the
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integrator 16 and thus the intensity of the lamp remain
constant. As soon as the polarization state just noted
above is out of balance, the output of the integrator 16
will adjust the lamp intensity back to the condition
where the polarization state is in balance. Since the
intensity of the lamp is represented by the electrical
current through it, the preferred means for measuring the
lamp intensity I, is to simply sense the current ampli-
tude since the voltage applied will in the usual imple-
mentation be constant. In any case, the value of this
intensity measurement is processed through the linearizer
18 and then calibrated and displayed in analog or digital
form in the display unit 19.

The amplifiers 13a and 14a are preferably imple-
mented as high gain, low noise amplifiers with an
adjustable zero position and gain. The zeroes and gains
are then adjusted by supplying the PSA only a source of
an unpolarized beam of light and ensuring that, with the
light source turned off, both amplifiers read zero, and
with the source turned on, the outputs of both amplifiers
are exactly equal.

For testing the model described with reference to
FIG. 1, a heated platinum strip sample was installed such
that the optical axis of the PSA was at 45° to the
surface of the strip. FIG. 3 is a plot of the two output
voltages versus sample temperature and FIG. 4 shows the
source (tungsten halogen) input power W (voltage times
current) needed to cause the two detector output voltages
to be equal. This graph of power input to the source 10
versus temperature is thus the temperature measurement
that is to be calibrated (linearized) for display. The
data presented in FIGs. 3 and 4 were repeatable to within

5% with the prototype electronics used for the model but
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could be significantly improved in a final design of the
electronics.

The invention thus has the potential of making
accurate true temperature measurements without cumbersome
computational requirements. The cost of a commercial
polaradiometer built in accordance with this invention
could therefore be far below that of any pyrometer avail-

able for true temperature measurements.



10

15

F93186 207

POLARADIOMETRIC PYROMETER

ABSTRACT OF THE DISCLOSURE

A radiation pyrometer for measuring the true
temperature of a body is provided by detecting and
measuring thermal radiation from the body based on the
principle that the effects of angular emission I, and
reflection I, on the polarization states p and s of
radiation are complementary such that upon detecting the
combined partial polarization state components {

I, = I, + I,
I, = I,, + I,,
and adjusting the intensity of the variable radiation
source of the reflected radiation I, until the combined
partial radiation components I, and I, are equal, the
effects of emissivity as well as diffusivity of the
surface of the body are eliminated, thus obviating the
need for any post processing of brightness temperature

data.
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